Inositol 1,4,5-trisphosphate receptors (IP 3 R) are intracellular Ca 2+ release channels whose opening requires binding of two intracellular messengers IP 3 and Ca 2+ . The regulation of IP 3 R function has also been shown to involve a variety of cellular proteins. Recent biochemical and structural analyses have deepened our understanding of how the IP 3 -operated Ca 2+ channel functions. Specifically, the atomic resolution structure of the IP 3 -binding region has provided a sound structural basis for the receptor interaction with the natural ligand. Electron microscopic studies have also shed light on the overall shape of the tetrameric receptor. This review aims to provide comprehensive overview of the current information available on the structure and function relationship of IP 3 R. D
Introduction
Numerous physiological processes are linked to an increase in cytosolic calcium (Ca 2+ ) concentrations, through either Ca 2+ intake from the extracellular environment, or the release from the internal Ca 2+ stores. Ca 2+ release from the endoplasmic reticulum (ER) is activated by the second messenger inositol 1,4,5-trisphosphate (IP 3 ), a product of phosphatidylinositol 4,5-bisphosphate hydrolysis through either the G protein-coupled receptor/phospholipase C (PLC)-h, or the tyrosine kinase receptor/PLC-g signaling pathway [1] . IP 3 functions by binding to the membrane-associated IP 3 receptors (IP 3 R) [1] [2] [3] . Binding of IP 3 to the receptor increases its sensitivity to Ca 2+ , and only after Ca 2+ is bound can trafficking of the Ca 2+ into the cytosol take place [4, 5] . Notably, Ca 2+ has a biphasic action on the IP 3 R with a stimulatory effect at low Ca 2+ concentrations and an inhibitory effect at higher Ca 2+ concentrations [4, 5] . Acting as a signal transducer between two ubiquitous second messengers IP 3 and Ca 2+ , IP 3 R has been implicated in a variety of cellular and physiological processes as diverse as cell division, cell proliferation, apoptosis, fertilization, development, behavior, memory and learning.
In mammals, there are three distinct types of IP 3 R with splice variants observed among the types [6, 7] . Functional Ca 2+ channels are formed from homo-or heterotetramer arrangements of these IP 3 Rs [7] . The most widely studied IP 3 R is type 1 (IP 3 R1), which is found in high abundance in cerebellar Purkinje cells of the central nervous system [8, 9] . Since functional domain organization is the same for all three types of IP 3 R, for the purpose of this review, mouse IP 3 R1 (mIP 3 R1, GenBank accession no. X15373) is used as a reference.
Numerous biochemical analyses of IP 3 R and its interaction with other cellular proteins and small molecules have advanced our knowledge of IP 3 R function as a Ca 2+ release channel. Regulation of IP 3 R is quite complex and a detailed understanding of mechanism(s) underlying the channel function requires further analysis from both a functional and structural viewpoint. Structural studies of the entire tetrameric receptor, or its segments, have made a significant contribution to this research. A number of electron microscopic (EM)-derived 3D reconstructions of IP 3 R, recently obtained with a resolution around 30 2 [10-14] , have provided information about gross arrangement of the receptor. Presently, a high-resolution structure of the IP 3 R is available only for the IP 3 -binding core in complex with IP 3 [15] . The aim of this review is to highlight structural information available on the receptor and to discuss its structure-function relationship. Emphasis is placed on the N-terminal ligand-binding region, where the richest structural information is available and many interaction molecules bind. The structures of the channel domain will be discussed on the basis of the crystal structure of potassium channels and the homology to ryanodine receptor (RyR), a close relative of IP 3 Rs.
Molecular architecture
There are three functionally distinct regions within the mIP 3 R1, a polypeptide of 2749 residues [16] (Fig. 1A) : the N-terminal portion of the receptor capable of binding IP 3 , the channel-forming region localized to the C-terminus and the regulatory segment connecting the two termini [17, 18] . In order to understand the structure-function relationship of these three regions of the receptor, further attempts have been made to dissect more precise domains with specific molecular functions.
Employing deletion mutagenesis, the minimal region required for binding of IP 3 (i.e. IP 3 -binding core) was mapped to residues 226-578 [19] . The domain encompassed by the first 223 residues was implicated in inhibition of IP 3 -binding to the core domain, and thus was named the suppressor domain [19] (Fig. 1B) . The six transmembrane (TM) helices responsible for creating the channel reside within residues 2276 to 2589 [20] . The remaining 160 residues of the C-terminus comprise a coupling domain [21] (Fig. 1C) . The modulatory and transducing domain [21] , which occupies the central portion of the receptor, is involved in binding small molecules and other proteins as well as transferring signal from the ligand-binding domain to the channel domain (Fig. 1D) . Five out of the eight Ca 2+ -binding sites are localized to the modulatory and transducing domain, two are found within the IP 3 -binding core, and one within the channel domain [22] [23] [24] . A binding site for an ATP molecule [25, 26] and the presence of two phosphorylation sites [27] [28] [29] [30] were also detected in the modulatory domain. In addition, CaM [31, 32] , FKBP12 [33] [34] [35] , CARP [36] , and caspase 3 [37] all have binding sites within this region of the receptor. The suppressor domain is proposed to bind CaM [32, 38, 39] , CaBP1 [40, 41] , Homer [42] and RACK1 [43] , whereas chromogranin A [44, 45] , ankyrin [46] , CytC [47] and 4.1N [48, 49] protein binding was detected in the coupling domain. A Fyn phosphorylation site [50] and an IRBIT binding site [51] were proposed within the IP 3 -binding core (Fig. 1B) .
IP 3 -binding core
Early deletion mutagenesis assigned the IP 3 -binding site to the N-terminus of the receptor within the first 650 residues [17, 18] . Employing photoaffinity ligands, Mourey et al. [52] later showed that residues 476-501 were involved in this interaction. With more systematic deletion mutagenesis, the minimal region required for binding of IP 3 was mapped between residues 226 and 578 [19] . Taking into account the three phosphate groups of the IP 3 molecule, positively charged residues were suspected of being involved in the docking of IP 3 to the receptor. This proposal was supported by extensive site-directed mutagenesis which revealed that a number of highly conserved Arg and Lys residues were required for ligand docking, with R265, K508 and R511 being essential [19] . Binding analysis (as reviewed in Ref. [53] ) with different forms of inositol phosphates determined that phosphate groups at position 4 and 5 (P4 and P5, respectively), and a hydroxyl group at position 6, were key to the interaction with the receptor. Using chemically crosslinked dimeric derivatives of IP 3 , Riley et al. [54, 55] estimated the distance between the two ligand binding sites within the channel to be as short as 15 2.
Crystal structure of the IP 3 -binding core
The atomic resolution structure of the IP 3 -binding core (IP 3 R1 core ) in complex with IP 3 was solved recently by Xray crystallography to a 2.2 2 resolution [15] (Fig. 2A) . This portion of the receptor is comprised of two asymmetric domains (h-domain and a-domain) oriented perpendicularly to each other. At the interface of these structurally distinct domains, a highly positive-charged pocket is created to which the IP 3 molecule binds. Coordination of P5 (R265, R269, R504, K508, R511 and Y567) involves residues primarily from the a-domain. In contrast, the P4 coordination (R265, T266, T267, G268, R269 and K569) is predominately done by the h-domain residues (Fig. 2B) . P1 only interacts with R568 and K569, supporting the less critical role of P1 over P4 and P5 [56, 57] . Interestingly, nonbasic residues (T266, T267, G268 and Y567) were also involved in ligand interaction [15] . All the basic residues involved in IP 3 coordination were consistent with previous mutagenesis [19] .
Two highly conserved areas, P-I and P-II, were identified on the surface of the IP 3 R1 core . The P-I surface overlaps with the IP 3 binding site and extends towards the Cterminus of the a-domain [15] . The P-II surface, which contains many acidic residues, is localized at the hinge between the two domains and is more hydrophilic in nature than the P-I region. The P-II region may serve as a possible Ca 2+ -binding site (Ca-II, residues E283, E285, D444, and D448) with the ability to coordinate two Ca 2+ ions (Fig.  2D) . Another potential Ca 2+ -binding site was identified within the h-domain (Ca-I, residues E246, E425, D426, and E428) [15] (Fig. 2C ). The presence of structurally possible Ca 2+ -binding sites within this portion of the receptor agrees with a previous deletion mutagenesis study [24] , which detected Ca 2+ binding to residues 304-381 and residues 378-450. Furthermore, site-directed mutagenesis of residues E425, D426, E428, D442, and D444 to alanine abolished Ca 2+ binding [39] . Implications of these Ca 2+ -binding sites in the channel activation mechanism will be discussed below.
The lack of a ligand-free IP 3 R1 core structure precludes detailed discussion on IP 3 -induced structural changes in the core domain. However, our preliminary NMR studies indicated that, while IP 3 -loaded IP 3 R1 core yielded a well resolved 1 H-15 N TROSY-HSQC spectrum containing a large number of peaks, the removal of IP 3 from IP 3 R1 core dramatically impaired the quality of the spectrum, resulting in a large number of broadened peaks ( Fig. 3C and D) . These results strongly suggest a dynamic equilibrium exists between two or more conformations in the apo state of IP 3 R1 core , presumably due to the hinge motion around the linker region (residues 434-437) between the h-domain and the a-domain ( Fig. 3A and B) .
Modeling of the interaction of adenophostin A, the most potent IP 3 R agonist, with the IP 3 R core was carried out on the basis of the structure of the IP 3 R core -IP 3 complex [15] . The resulting structure showed the agonist's interaction with the receptor to be very similar to that of IP 3 interaction. The P4 and P5 of IP 3 are mimicked by the glucose 3U,4U-bisphosphate of adenophostin A, whereas P1 is mimicked by the 2V-phosphate group of adenophostin A [58] .
Suppressor domain
High-affinity IP 3 binding to the ligand binding core (226-578) is reduced to a physiological range by the Nterminal 223 residues [19] , hence called the suppressor domain (IP 3 R1 sup ). Involvement of IP 3 R sup in IP 3 -suppression is clearly illustrated in IP 3 binding studies performed on protein fragments encompassing different portions of the Nterminus of the receptor. The construct encompassing IP 3 R1 core and IP 3 R1 sup (i.e. residues 1-604) showed a reduced affinity for IP 3 (K d~4 5 nM) [59] compared to the constructs containing only IP 3 R1 core (residues 224-579, K d~2 .3 nM) [19] . Moreover, residues 1-223 were observed to be critical for IP 3 -induced gating, since receptors lacking this region can bind IP 3 with a higher affinity than the native receptor, but cannot open the channel [21] . Presently, no structural information is available for IP 3 R1 sup . Analysis of the N-terminal regions of IP 3 R and RyR by Ponting [60] suggested that this portion of IP 3 R and RyR sequences possesses some similarity to the core domain.
Possible mechanisms for IP 3 binding attenuation by suppressor domain
The crystal structure of the IP 3 -binding core provided invaluable insights into IP 3 coordination by the receptor. The mechanism underlying the action of the IP 3 R1 sup remains, however, to be determined. From the current information available, one can speculate that the inhibition of IP 3 binding may involve interaction between the IP 3 R1 sup and the IP 3 R1 core such that the IP 3 -binding site on the core domain is not accessible to free IP 3 (Fig. 3E) . To this end, it is possible that one or both of the highly conserved surface areas found near the IP 3 -binding site may serve as IP 3 R1 sup -binding site. It is also tempting to speculate that the interaction of IP 3 R1 sup with the IP 3 R1 core may lead to the inhibition of Ca 2+ binding to the IP 3 R1 core , presumably to the Ca-II site near the IP 3 binding cleft. It is equally possible that binding of IP 3 R1 sup to the ligandbinding site may alter the orientation of the two domains with respect to each other, thereby disrupting Ca 2+ binding to the Ca-II site and/or Ca-I site. Taylor et al. [61] suggested that the mechanism of IP 3 -binding by the receptor might be similar to that observed in ligand binding to the glutamate receptor subunits (GluR), which rigidifies domain orientation and thus leads to the activation of the channel.
In addition, several binding partners of the receptor, Ca 2+ [62] , CaM [62] [63] [64] , Gh [65] and RACK1 [43] , whose binding sites reside within the first 600 residues, have been shown to effect receptor affinity for IP 3 . This suggests that other cellular molecules, and possibly the region downstream from IP 3 R core (residues 651-1130) [21] , might be involved in modulation of IP 3 binding to the receptor. 
Interaction with regulatory proteins
A variety of regulatory cellular proteins of IP 3 R have been shown to directly interact with IP 3 R1 sup domain. One such protein, calmodulin (CaM), is suggested to interact with two independent segments within the first 160 residues of the receptor in a Ca 2+ -independent manner [39] . It has been proposed that the binding of CaM to the N-terminus of IP 3 R leads to IP 3 -induced calcium release (IICR) inhibition [32] . Yang et al. [41] first reported that neuronal Ca 2+ -binding protein 1 (CaBP1) binds to the first 600 residues of the receptor promoting receptor activation in the absence of the IP 3 . However, several other groups later showed an antagonistic activity of CaBP1 on IP 3 R channel gating [32, 66, 67] . Interestingly, Kasri et al. [40] reported that CaBP1 interacts with one of the CaM-binding sites. In addition, Homer proteins, which mediated interaction of IP 3 R with group 1 metabotropic glutamate receptors (mGluRs), were found to associate with 49 PPKKF 53 stretch on the mIP 3 R1 [42] . Furthermore, a recent report revealed that RACK1, a WD40-containing scaffold protein, binds to two IP 3 R segments (residues 90-110 and residues 580-600), one of which resides in IP 3 R sup [43] . Direct interaction between the coupling domain of the receptor (residues 2590-2749) and IP 3 R sup was also reported [68, 69] . Clearly, the N-terminal 223 residues of IP 3 perform multiple functions, thus serving a critical role in the regulation of the channel gating.
Modulatory and transducing domain
The central portion of the IP 3 R sequence has previously been referred to as the transducing domain, since it is involved in transferring a signal from the N-terminal ligand-binding region to the channel portion at the Cterminus of the receptor. This region is also known as the modulatory domain, since it binds a number of molecules implicated in regulation of the receptor. Small molecules, such as Ca 2+ [23, 24] and ATP [25, 26] , as well as proteins, such as CaM [31, 32] , FKBP12 [33] [34] [35] , CARP [36] , Gh [65] , Rack1 [43] and Caspase 3 [37] , have been suggested to bind to the modulatory and transducing domain. Phosphorylation sites for PKA [27] [28] [29] [30] , PKC [70, 71] , PKG [72] [73] [74] [75] , CaMKKII [28, 70] have also been mapped in this region. Iino, Bezprozvanny and their colleagues [76, 77] recently suggested that a segment comprising residues Glu1932 to Arg2270 harbors a Ca 2+ -sensory region and that Glu2100 is of particular importance for the Ca 2+ sensory function. It is noteworthy that this domain shares the least homology among the three IP 3 R isoforms, suggesting a regulatory variation in different subtypes. More detailed information on binding partners for this domain and their functional implications in receptor regulation has been reviewed by Patterson et al. [78] .
Very little is known about the structure of the modulatory and transducing domain. Previous amino acid sequence analysis [15, 60] suggested a high helical propensity and the possibility of an armadillo-like fold continuing from residue 438 to residue 1740. As we discuss in a later section, EM studies strongly suggest that this large portion of the receptor is somewhat folded into a globular structure, helping the entire tetrameric receptor form a compact shape.
Channel domain
Six TM helices, localized to the C-terminus of each IP 3 R monomer, have been predicted. It is believed that these helices are responsible for anchoring the receptor to a membrane and creating a functional channel. In mIP 3 R1 these TM regions reside between residues 2276 and 2589 with the following boundaries for each helix: TM1 2276-2294; TM2 2308-2326; TM3 2352-2372; TM4 2391-2407; TM5 2440-2462 and TM6 2570-2589 [20] . The linker segment between TM5 and TM6 is relatively long and harbors a large luminal loop (residues 2463-2528) with two N-glycosylation sites, residues Asn2475 and Asn2503 [79] , as well as a pore-forming region (residues 2529-2549) [79] . This luminal segment is rich in acidic residues, which may serve to concentrate Ca 2+ ions near the channel opening [20] . Binding of Ca 2+ to the luminal segment was also observed [23] . Notably, IP 3 R and RyR share high homology in the region encompassing TM5 and TM6 helices in IP 3 R, whereas the luminal loop linking these two helices, is absent in RyR [80] [81] [82] [83] [84] ). Therefore, it appears that a major reason why these channels transport Ca 2+ stems from the high Ca 2+ concentrations within the lumen of ER/SR.
Implications from K + channel structure
The exact mechanism by which IP 3 R translocates Ca 2+ from the ER is currently unknown. However, it has been suggested that the pore-forming region of IP 3 R is similar to that of voltage-and second messenger-gated ion channels [79] . Williams et al. [84] proposed a mechanism based on the atomic level structure of the bacterial potassium (K + ) channel KcsA [85] . In the tetrameric structure each monomer provides two TM helices towards the formation of a functional channel with a single central pore (Fig.  4C,D,E) . The structure is wider at the ion entrance and narrower at the ion exit. The outer helix in each monomer faces the lipid membrane, while the inner helix in the same monomer constitutes the central pore. The inner helices from the four subunits are all tilted with respect to the membrane, and their arrangement resembles an dinverted teepeeT [85] . It is the segment linking the two helices that contains a pore-forming region (helical in nature) and a selectivity filter ( 77 VGYG) (Fig. 4E) . It has been proposed that the TM5 and TM6 of IP 3 R, and the corresponding helices in RyR, correlate with the inner and outer helices of each KcsA monomer [82, 84] (Fig. 4B) . The proposed poreforming segment [79] and selectivity filter ( 2546 GGVGD in mIP 3 R1) [86, 87] are conserved among these ion channels (Fig. 4A) , and most likely reside close to the luminal side of a membrane (Fig. 4B) . Interestingly, mutations of Asp2550, which serves as one of the key residues in selectivity filter, to Ala or Asn resulted in channel impermeability to Ca 2+ ions [87] . Moreover, substitution of Asp2550 with Glu produced channels lacking selectivity for Ca 2+ over K + [88] . From these analyses it has been proposed that Asp2550 functions to concentrate Ca 2+ ions at the entrance of the central pore and to discriminate between Ca 2+ and K + [87, 88] . It has also been shown that Val2548 is critical for ion conductance control, since its mutation to Ile lead to channels with higher K + permeation but the same selectivity as the wild-type [88] .
Recently acquired structural information on bacterial potassium channels uncovered the topological arrangement of the central pore and defined the underlying gating principles [85, [89] [90] [91] [92] [93] [94] [95] [96] . Structural comparison between IP 3 Rs and other ion channels may provide glimpses into the overall arrangement of the channel domain of IP 3 R. However, determination of the precise mechanisms of IP 3 R channel gating requires structural elucidation of not only the channel domain, but of the entire molecule, as IP 3 R possesses a large cytoplasmic region with channel modulatory functions which are not present in K + channels.
Coupling domain
An even number of TM helices indicates that the Cterminal tail of the receptor resides in the cytoplasm (2590-2749). At present very little is known about the structure and function of the last 160 residues of IP 3 R. Secondary structure prediction of this portion of the receptor suggests that the region is highly helical in nature. A direct interaction of the C-terminal domain with the N-terminus of the receptor has been reported [68, 97] , providing a compelling mechanism for the action of this region. From these observations this region became known as the coupling domain. The coupling domain is essential for the formation of the functional Ca 2+ channel since binding of monoclonal antibody to the residues 2736-2747 [98] , and the expression of the C-terminal GFP-fused IP 3 R [99] , produce dysfunctional IICR.
Role of the coupling domain in receptor oligomerization
Formation of the functional tetrameric channel requires both the TM region and the coupling domain [18] , whereas the first TM helix appears to be sufficient for receptor anchoring to the membrane [100] . Extensive deletion mutagenesis of the C-terminal portion of the receptor defined TM5 and TM6 as more important for intermolecular interactions than the preceding TM helices [81, 100] . The Cterminal residues 2629-2654, within the coupling domain, have been shown to be the minimal segment required for the dimerization of this domain in vitro [101] . The importance of TM5 and TM6, as well as the coupling domain in the formation of a functional channel, is supported by the observation that deletion of the TM1-4 produces a channel with permeation properties similar to the native channel [82] .
Head-to-tail interaction in the receptor
Limited trypsinization studies of the full-length receptor produced five major fragments (Fig. 1A ) capable of associating with each other through non-covalent interactions in order to form the functional channel. Direct interaction was detected between the N-and C-termini of IP 3 R [68, 97] . Moreover, cross-linking and pull-down assays defined residues 1-605 from the N-terminus and residues 2418-2749 from the C-terminus as the interaction sites, with association occurring in a inter-subunit manner [69] . In addition to the coupling domain, TM5 and TM6 have been considered to play a role in the head-to-tail interaction. The importance of the coupling domain is highlighted by the observation that removal of only the last 14 residues (2736-2749) caused a decrease in the Ca 2+ conductance of the receptor [21] . Furthermore, mutation of two highly conserved Cys residues (C2610, C2613) within the coupling domain resulted in a non-functional Ca 2+ -channel. At the Nterminus, residues 1-223 were found to be most critical for functional coupling between the N-and C-terminal regions of the receptor [21] . Similar head-to-tail interaction was also observed in the cyclic nucleotide-gated ion channels [102] [103] [104] and the voltage-gated potassium channels [105, 106] . In those channels, a disulfide bond formation between N-and C-terminal domains was shown to be responsible for the interaction [103] [104] [105] . Formation of such disulfide bonds involving C2610 and C2613 in IP 3 R remains to be determined.
Functional tetrameric structure
Obtaining structural information on full-length IP 3 R has proven to be challenging. Its large molecular size (~300 kDa), in addition to its membrane association, presents a major hurdle in 3D structure determination. Furthermore, the inability to obtain a large amount of functional tetrameric protein by recombinant techniques has hampered X-ray crystallography, as well as solution and solid-state NMR studies. Consequently, all structural information available to date on the entire receptor is based on EM studies of the immunoaffinity-purified protein from highcontent tissues such as cerebellum. Previous 2D negative staining [107] [108] [109] , or 2D crystalline array EM studies [110, 111] , revealed a rough estimate on the receptor size and shape. More recently, five 3D structures of IP 3 R1 were reconstructed using single particle EM analysis at resolutions of 34-20 2. All structures identified a 4-fold symmetry within the channel, consisting of two morphologically distinctive regions: a cytoplasmic domain and a channel domain. However, interpretations of the reconstructed structures, obtained in four different laboratories, differ from one another. Below, we summarize the findings from the EM studies. The 3D structure of immunoaffinity purified IP 3 R1 by Serysheva et al. [13] showed an overall shape with dimensions of 250Â250Â165 2 3 possessing a dpinwheelT appearance with a central square-shaped domain and four dcurved radial spikesT protruding from it. The two large domains make up the spike and the other two reside in the core region together with the TM domain. The previously determined crystal structure of IP 3 R core was fitted into one of the spike-domains. According to their reconstructed model [13] , IP 3 R sup was proposed to be in close proximity to the C-terminal coupling domain, which resides at the center of the pinwheel structure.
The single particle EM analysis of a cerebellar-purified IP 3 R1 by da Fonseca et al. [12] revealed a structure with a dflower-likeT appearance and dimensions of 180Â180Â180 2 3 . The two large domains, described as the dpetalT and the dstigmaT of a flower, were proposed to correspond to the cytoplasmic portion of the receptor. The smaller domain, resembling the stalk of a flower, was assigned to the channel domain. Slender connections were observed between the two cytoplasmic domains and between one of the cytoplasmic domains and the channel domain. In this EM model, IP 3 R core was positioned at the interior of the structure (i.e. within the stigma portion). The channel domain of the structure accounted for about 35% of its electron density, considerably in excess of what the six TM segments and their connecting loops should occupy. This suggests that the domain contains not only the TM segment but also part of the modulatory domain and coupling domain [12] .
Jiang et al. [10] reported a relatively compact structure of cerebellar purified IP 3 R1 with overall dimensions of 180Â180Â170 2 3 . The structure appeared to resemble a dpropellerT with a majority of its density comprising the central core region and the rest making up the four protruding blades. The central core region was shown to consist of two asymmetrical domains with the smaller portion possibly representing the TM region of the receptor, and the larger portion corresponding to the cytosolic region [10] . The function of the protruding parts is not known at this time, but it may represent an IP 3 -binding core.
The highest resolution EM structure of IP 3 R1 from cerebellum, determined by Sato et al. [14] , revealed a structure reminiscent of a dhot air balloonT. The balloon portion (diameter 175 2) was assigned to the cytoplasmic domain with the square-shaped basket portion (side length of 96 2) assigned to the channel domain (Fig. 5A) . Within the cytoplasmic domain, internal cavities were observed and a prominent L-shaped density was present at the top part of the molecule, shown to correspond to IP 3 R core . A 3D modeling of the crystal structure of IP 3 R core to this L-shaped density required bending of the IP 3 R core structure at the linker between the a-and h-domains, suggesting that IP 3 -binding induces a conformational change within IP 3 R core [14] (Fig. 5B) . The unaccounted density around the linker between the two domains is assigned to IP 3 R sup [14] . It is interesting to note that this portion of the L-shaped density is in direct contact with the inner tubular density of the receptor. This may correspond to head-to-tail interaction that was discovered by previous biochemical work [68, 69, 97] .
Ca 2+ -induced structural changes
Hamada et al. [11] examined the effect of Ca 2+ on the 3-D EM structure of the tetrameric IP 3 R channel. In the absence of Ca 2+ the structure had a mushroom-like appearance with overall dimensions of 190Â190Â160 2 3 (Fig. 5C ). The cytoplasmic portion of the receptor comprises a large square-shaped head connected to a channel domain via four bridges. In the presence of Ca 2+ the structure resembles a dwindmillT-shape with an elliptical cytoplasmic domain (93Â91Â72 2 3 ) protruding away from the channel domain, which was assigned to the central core structure (85Â85Â100 2 3 ). This conformational transition between closed (Ca 2+ -free) and open (Ca 2+ -bound) states probably represents a functional change associated with high affinity Ca 2+ binding (b10 À7 M) [11] . Interestingly, cross-sections of the two structures showed a less defined boundary of the channel domain in the dopen formT than in the dclosed formT, suggesting a significant Ca 2+ -induced conformational change within the channel domain. Considering that these 3D structures were solved in the absence of IP 3 , Hamada et al. [11] cannot exclude the possibility that the windmill structure may represent a bdesensitizedQ state of the receptor, resulting from the prolonged exposure to Ca 2+ . The combination of heparin-gold labeling and 2D imaging of the receptor, with electron density fitting in a 3D reconstruction, led to the proposal that the IP 3 R core was located at the peripheral region of the mushroom structure and within the protruding sails of the windmill structure (Fig. 5C) .
Despite inconsistencies in the overall appearance of these reconstructed 3D structures of IP 3 R1, EM studies have nevertheless provided insights into the gross facade of the receptor. Variations in the overall appearance of these structures could arise from differences in sample preparation, sample heterogeneity and method employed for the single particle image analysis in the 3D reconstruction. Resolution of IP 3 R structures will improve with time, and we will be able to resolve the detailed architecture of the functional channel from structural studies. Furthermore, site-specific labeling and modeling of atomic resolution structures of individual domains of IP 3 R into the EMderived structure of the entire receptor will further our understanding of the structure-function relationship of IP 3 Rs.
Considering all the current biochemical and structural information described above, we propose that Ca-I and/or Ca-II sites correspond to bhigh affinityQ Ca 2+ -binding sites that possess a stimulatory function in channel opening [112] . The inhibitory blow affinityQ sites [113] likely reside in the modulatory domain or Ca 2+ -binding proteins (CaM, CaBP1). In addition to Ca-I and Ca-II sites, other Ca 2+ -binding sites in the modulatory domain (in particular Glu2100 in a proposed Ca 2+ -sensory region) may also exhibit a stimulatory function [76, 77] . In a two-step model for channel activation (Fig. 5D) , the first step involves IP 3 binding which mainly causes a localized conformational change at the N-terminal region, as seen in the X-ray crystallographic studies [15] , and possibly in its neighboring regions. This IP 3 -induced structural change may result in activation of some Ca 2+ -binding sites [15] . The second step of the process is initiated by Ca 2+ -binding to multiple sites on the receptor, which likely induces a more drastic conformational change in the channel, as evidenced by EM studies [11, 109] . This Ca 2+ -induced conformational change causes the displacement of the IP 3 -binding region from the center of the channel, which leads to channel opening (Fig. 5D) . The consortium of IP 3 and Ca 2+ in receptor activation ensures accuracy of the gating function and amplification of the output signal in response to an external stimulus. Previous studies [76, 77] , however, suggested that the Ca 2+ -sensory region within the modulatory domain also functions in the inhibition of channel gating under certain conditions. Although accurate understanding of this complex regulatory mechanism of the channel requires elucidation of the exact function of each Ca 2+ -binding site found on the receptor, our model as well as the models proposed previously [5, 114] , should serve as working hypotheses for researchers in the field.
Conclusion and future prospective
Since the discovery of IP 3 R as a glycoprotein in the cerebellum [115] , a great deal has been learned about its function and structure. Regulation of IP 3 R function as a Ca 2+ release channel involves two important second messengers, IP 3 and Ca 2+ . We now know the atomicresolution structure of the IP 3 binding domain of the receptor in complex with IP 3 , and are beginning to understand how the functional tetrameric channel responds to the two important cellular ligands. The IP 3 molecule serves as the first key in the multi-lock IP 3 R system, with full channel activation observed only after the dinsertionT of the second Fig. 3E ) is represented as a circle to square transition, leading to the dintermediateT state. This first step conformational change may be localized within the ligand binding and its neighboring region, leading to Ca 2+ binding to a number of different sites across the receptor. Some of these sites may only become functional following IP 3 binding. The second step conformational change, induced by Ca 2+ binding, results in a global structural change involving not only the ligand binding but also the modulatory and channel domains in the tetrameric receptor (see text for more details). Note that the bintermediateQ state may represent multiple conformational states due to Ca 2+ -binding to many different sites in the receptor.
key, Ca 2+ . Calcium binding proteins (CaM and CaBP1) interact with IP 3 R and promote channel closure when the cytoplasmic Ca 2+ levels are too high. Therefore, Ca 2+ acts as both a positive and negative channel regulator. Understanding the exact mechanism needed to unlock and then lock the channel is a challenging task for structural biologists. Numerous cellular interacting partners of IP 3 R have recently been found to modulate the channel function, with more likely to be discovered in the future. Despite the recent advances made by X-ray and EM studies on the IP 3 R structure-function relationship, many fundamental questions still remain unanswered. From a structural biology perspective, we will need to determine the atomic-resolution structures of various parts of the molecule, including the suppressor domain, the modulatory and transducing domain, the channel domain, and the coupling domain. We also need to better define how Ca 2+ ions interact with the receptor to induce channel activation. Moreover, elucidation of the structural basis for receptor interaction with various binding partners such as CaM, CaBP1, among others, is required. It is also important to decipher the exact mechanism of ion translocation within the channel domain. Finally, posttranslational modifications, such as phosphorylation and glycosylation, will add another dimension to the already complex regulatory mechanisms of IP 3 R.
